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INTRODUCTION
after illness or injury.
Here we examined whether changes in hippocampal gene expression persist long after an immune challenge in males and in females. Given that recent work from our laboratory has demonstrated persistent and sex-specific memory deficits as a consequence of a mild subchronic immune challenge (Tchessalova and Tronson, 2019) , we hypothesized that this challenge would also cause enduring and sex-specific changes in gene expression and transcriptional regulation in the hippocampus. We used a next generation RNA-sequencing as a large-scale, unbiased approach to identify long lasting changes in gene expression. We examined both persistent changes in gene expression long after an immune challenge and changes in the transcriptional response to a subsequent immune challenge. We demonstrate that males and females differ in number and patterns of gene expression in the hippocampus both three months after a subchronic immune challenge and in response to a subsequent, acute LPS injection.
METHODS
Animals: Male and female 8-9 week old C57BL/6N mice were purchased from Envigo (Indianapolis, IN). All mice were individually housed with ad libitum access to standard mouse chow and water as individual housing in mice prevents fighting-induced stress in males (Meakin et al, 2013) and is ethologically appropriate for males and females (Becker and Koob, 2016) . The facility is ventilated with constant air exchange (60 m 3 / h), temperature (22 ±1°C), and humidity (55±10%) with a standard 12 h light-dark cycle (Keiser et al, 2017) . One month prior to collection of tissue, all animals were tested on context fear conditioning anxiety-like behavior, and depression-like behavior. The results from context fear conditioning are published elsewhere (Tchessalova and Tronson, 2019) , and we observed no effects of prior LPS challenge on anxiety or forced swim test.
All experimental methods used in these studies were approved by the University of Michigan Committee on the Use and Care of Animals. Sample size was based on minimum number of animals needed per experimental condition for RNA sequencing (3 per condition). Immune challenge: Lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4; Sigma-Aldrich, St. Louis) was dissolved in saline for a final concentration of 12.5μg/mL. All LPS injections were given intraperitoneally (i.p.) at a dose of 250μg/kg. Vehicle control mice received an equivalent volume of saline (20mL/kg, i.p.) (Cloutier et al, 2012; Tchessalova and Tronson, 2019) . The subchronic immune challenge consisted of five injections, spaced three days apart (days 1,4,7,10,13) . All injections were administered in the morning between 9 and 10am. In the Long-Term condition, tissue collection occurred 12 weeks after the final LPS injection. Separate animals received a subsequent LPS (250μg/kg; or vehicle) injection 12 weeks after the subchronic immune challenge and tissue was collected 6 hours after injection (Longterm + Acute condition). For the Acute condition, animals received a single LPS (250μg/kg, or vehicle) injection and hippocampi were collected 6 hours later. RNA extraction and sequencing: In order to maintain RNA quality, whole hippocampi were collected and immediately placed in RNALater until processing (Bagot et al, 2016 , Cates et al, 2017 Hodes et al, 2015; Lorsch et al, 2018; Walker et al, 2018) . One hemisphere (counterbalanced by side between sex and experimental conditions) was selected for RNA extraction while the other was collected for protein analysis. RNA was isolated using Life Technologies PureLink RNA Mini kit (cat. no. 12183018A). Relative RNA quantity and integrity were first analyzed using NanoDrop (ThermoFisher) and gel electrophoresis. Quality and integrity checks were then completed on the Bioanalyzer by the University of Michigan DNA sequencing core, with acceptable RIN values greater than 7. Sequencing was performed using Illumina 4000 High-Seq platform, using single-end, non-strand, Ribo depletion with read lengths of 50 and sequencing depth of 40 million reads per sample. Total RNA (20ug) was used to construct the mRNA libraries. Barcoded cDNA libraries were constructed from polyadenylated transcripts that were purified, fragmented, and reverse transcribed using random hexameters. Three independent biological replicates were used per experimental condition.
Differential gene expression analyses: Alignment, differential expression analysis, and postanalysis diagnostics were analyzed using the Tuxedo Suite software package. Reads were aligned to the Ensembl Mus musculus NCBIM37 reference genome using TopHat and Bowtie. The quality of the raw reads data for each sample was assessed using FastQC to exclude any reads with quality problems.
Expression quantitation, normalization, and differential expression analyses were conducted through Cufflinks/CuffDiff with UCSC mm10.fa reference genome sequence. Differentially expressed genes (DEGs) were determined by multiple comparison correction using FDR > 0.05 cutoff.
DEGs in males and females were visualized using Venn diagrams through Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/). Metascape (http://metascape.org/gp/index.html#/main/step1) was used to generate gene annotation and gene list enrichment analysis, with a focus on biological pathways and processes. Significance of biological processes was determined through P-values calculated on a hypergeometric distribution (log10). Reference gene lists and annotated information were obtained from the Enrichr web page. Metascape was also used to conduct meta-analysis, with generation of Circos plots to visualize shared genes and pathways amongst the conditions and heatmaps of gene ontology (GO) terms that hierarchically cluster together amongst experimental conditions.
Clusters of functional protein-protein interactions (existing and predicted) between targets in experimental conditions of interest were visualized using the STRING 10.5 software (https://string-db.org/).
Statistical analysis: Criteria for a differentially expressed gene included a fold change greater than 1.5, and false discovery rate greater than 5% (fold change ≥ ± 1.5 and FDR ≤ 0.05). All comparisons of DEGs between control and experimental conditions were made within sex using unpaired t tests (two-tailed) with Benjamini correction to account for multiple comparisons to determine the effect of immune challenge in males and in females separately. DEGs in the hippocampus of males and females at baseline were compared using unpaired t tests (two-tailed) between vehicle treated males and vehicle treated females. Groups were compared as shown in Table 1 .
Data availability: To allow all interested parties to explore and utilize our processed data, we have made our data publicly available through user-friendly databases, including the Gene Expression Omnibus (GEO), with accession number GSE126678, and Sequence Read Archive (SRA), with SRA number SRP186132 and BioProject number PRJNA522922.
Link to GEO: (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126678) Link to SRA: (https://www.ncbi.nlm.nih.gov/Traces/study/?acc=SRP186132&go=go)
RESULTS

Subchronic immune challenge induces persistent changes in gene expression
We observed striking changes in gene expression in the hippocampus 12 weeks after subchronic immune challenge in males, with fewer changes observed in females. Of over 20,000 genes detected, there were 230 DEGs in the hippocampus of males and 26 DEGs in the hippocampus of females. In males, 183 genes were significantly upregulated and 47 significantly downregulated. In females, 7 genes were significantly upregulated and 18 downregulated. Five of these genes were differentially expressed in both males and females, with Npas4 and fos downregulated in males and upregulated in females, and Ifit1, Spp1 (Opn), and Coch upregulated in males and downregulated in females ( Figure 1A ; Table 1; Table 2) .
Overall, in males, neuroimmune-related genes showed persistent upregulation, whereas neuroplasticity-related genes showed downregulation months after the subchronic immune challenge. In females, 5 although few DEGs were identified, they were consistently related to dopaminergic/monoaminergic signaling.
Biological pathway and process enrichment analysis revealed top clusters in males were: extracellular matrix organization (log10(P) = -15.41), vascular development (log10(P) = -13.85), response to growth factor (log10(P) = -11.53), regulation of MAPK signaling (log10(P) = -10.2), and response to hormone (log10(P) = -8.87) ( Figure 1B ). In females, top biological processes included response to amphetamine (log10(P) = -8.49), regulation of defense response (log10(P) = -4.76), and regulation of membrane potential (log10(P) = -3.06) ( Figure 1C ). Importantly, DEGs in males and females pertain to distinct biological pathways, with neuroplasticity-and MAPK-associated signaling in males and monoaminergic signaling and innate immune-related signaling in females.
Functional protein-protein interaction analysis (STRING) identified groups of DEGs with functional relationships. In males, these clusters included synaptic plasticity and memory-related genes, extracellular matrix targets including collagens and matrix breaking enzymes, growth factors and their receptors, and immediate early genes. There were also several immune-related targets involved in innate immune responses, including regulators of MAPK signaling, complement genes and their regulators, and MHC II-related targets. Notably, some regulators of immune signaling, including NR4a1/2, Spp1, and Dusp1/6 are also plasticity related genes. Smaller clusters of genes included targets associated with organic anion/cation solute carriers, and potassium and chloride channels involved in inhibitory transmission ( Figure 1D ; Table 1 ).
In females, STRING analysis identified two clusters: one including dopaminergic signaling, adenosine signaling, adrenergic signaling, and G protein-coupled signaling; and other genes involved in interferon-mediated signaling ( Figure 1E ; Table 2 ). Importantly, the clusters identified in females did not overlap with those identified in males.
Prior subchronic immune challenge alters hippocampal gene expression in response to a later acute LPS injection in a sex-specific manner
We examined the long-lasting effect of prior subchronic immune challenge on transcriptional regulation to a subsequent acute LPS injection (Long-term+Acute condition). In males, we observed 58 DEGs, whereas in females, 432 genes were differentially expressed compared with acute immune challenge in previously naïve mice. Twenty-one genes showed differential expression in both sexes under these conditions, with 15 genes (e.g. Gpr151, Chrna/b3, Ptprv, Slc5a7, Tac, Six3, Penk, Drd2, Adora2a, Foxp2, Syt6, Lrrc55, Drd1a, Susd2) upregulated in both sexes, one gene (Lcn2) downregulated in both sexes, and five were dysregulated in opposite directions (e.g. Slc35a3, AW551984, Arhgap6, Dlk1, Gpx3) ( Figure 2A ).
Biological pathway and process enrichment analysis revealed diverging pathways in males and females. In males, we observed changes in gene expression related to cholinergic synaptic transmission (log10(P) = -11.94), hormone secretion (log10(P) = -10.09), neuropeptide signaling (log10(P) = -7.45), response to nicotine (log10(P) = -6.01), and organic hydroxy compound transport (log10(P) = -6.00) ( Figure 2B ). In females, the top biological pathways and processes included regulation of hormone levels (log10(P) = -15.39), extracellular matrix organization (log10(P) = -8.1), hormone metabolic processes (log10(P) = -8.41), regulation of cell adhesion (log10(P) = -7.91), and MAPK cascade (log10(P) = -6.68) ( Figure 2C ).
Functional protein-protein interaction analysis (STRING) in males identified clusters associated with neurotransmission and neuroplasticity, including receptors important for dopaminergic and adenosine receptor-associated signaling and neuropeptides/neuropeptide receptors, a large cluster of transcription factors, and smaller clusters of calcium-activated chloride channels, and neural differentiation ( Figure 2D ; Table 3 ). In females, we found more immune-related clusters than in males, including MHC II signaling, interferon-mediated signaling, cholinergic signaling, and stress hormones. There were also immune and plasticityrelated targets, including extracellular matrix and cell adhesion molecules. There were clusters with monoaminergic signaling including dopamine, serotonin, noradrenaline, and adenosine receptors, neuropeptide, and hormone receptors. Smaller clusters included channels, solute carriers important for neuronal inhibition, and metabolic functions ( Figure 2E ; Table 4 ).
Hippocampal gene expression in response to an acute immune challenge
We examined the hippocampal transcriptional response to a single, peripheral acute immune challenge in males and females. In males, we found 176 DEGs, and in females, 406 genes were differentially expressed ( Figure 3A) . Biological pathway and gene enrichment analysis in males revealed gene categories for vascular development (log10(P) = -12.6), MAPK cascade (log10(P) = -11.02), anion transport (log10(P) = -10.63), response to growth factor (log10(P) = -10.43), and negative regulation of MAPK cascade (log10(P) = -7.65) ( Figure 3B ). In females, most of the DEGs were related to cell adhesion and immune function. These included targets involved in extracellular matrix organization (log10(P) = -11.65), cell chemotaxis (log10(P) = -9.34), cytokine production (log10(P) = -8.86), regulation of cell adhesion (log10(P) = -8.57), copper ion transport (log10(P) = -8.08), positive regulation of MAPK cascade (log10(P) = -7.31), and acute inflammatory response (log10(P) = -5.78) ( Figure 3C ).
Protein-protein interactions from STRING analysis in males revealed associations between mostly plasticity-related genes including a large cluster related to neuroplasticity with activitydependent transcription factors and kinases, and solute carriers. There were also changes in targets related to neurotransmission, containing monoaminergic, neuropeptide, and hormone targets; in collagens; and in growth factors including insulin-like growth factor and bonemorphogenetic signaling. There were also immune-associated clusters, including genes related to MHC II signaling, and regulation of immune signaling ( Figure 3D ; Table 5 ). In females, we observed clusters of interferon-mediated signaling, negative regulation of cytokine signaling, complement signaling, and immune cell activation. Plasticity-related targets included clusters of cell adhesion molecules and neurotransmission ( Figure 3E ; Table 6 ).
Differentially expressed genes between male and female hippocampus
We also examined sex differences in baseline gene expression in the hippocampus. We observed 220 genes differentially expressed in the hippocampus of males compared and females, 95 of which are more strongly expressed in males and 125 in females. As expected, Ychromosome genes including Ddx3y were abundant in males but not evident in females, whereas genes that escape from x-inactivation, including Xist, were more abundant in females.
Biological processes for male-biased gene expression included response to hormone (log10(P) = -9.1), response to growth factor (log10(P) = -8.1), negative regulation of catalytic activity (log10(P) = -7.5), cellular response to calcium ion (log10(P) = -6.9), and negative regulation of nuclear transcribed mRNA poly(A) tail shortening (log10(P) = -5.1) ( Figure 4A ). Female-biased gene expression included biological processes such as extracellular matrix organization (log10(P) = -10.1), neurotransmitter transport (log10(P) = -9.3), response to interferon gamma (log10(P) = -7.5), cell adhesion (log10(P) = -7.5), drug transport (log10(P) = -5.2), regulation of defense response (log10(P) = -4.5), complement and coagulation cascades (log10(P) = -4.1), and cellular metabolic process (log10(P) = -3.9) ( Figure 4B ).
Protein-protein interaction analysis (STRING) revealed that targets more strongly expressed in the hippocampus of males are involved in G protein and calcium signaling, protein phosphorylation, as well as immediate early genes and DNA-methylation modifiers ( Figure 4C ; Table 7 ). Targets that more strongly expressed in the hippocampus of females included extracellular matrix receptor genes, growth factor, neurotransmitter receptors, neurotransmitter transporter, protein phosphorylation, immune signaling, and complement-associated genes ( Figure 4D ; Table 7) .
To examine the contribution of initial sex differences in gene expression on the sex-specific changes after subchronic immune challenge, we examine the impact of prior immune challenge on genes more strongly expressed in males at baseline ("male-biased" genes) and those more strongly expressed in females ("female-biased" genes). Overall, in males, male-biased genes tended to be downregulated and female-biased genes upregulated long after immune challenge. Here, of the 46 genes higher in males at baseline, 34 were downregulated and only 12 upregulated; and of the 42 genes higher in females at baseline 41 were upregulated in males and only one downregulated long after subchronic immune challenge. Conversely, female-biased genes tended to be downregulated (13 of 13) and male-biased genes were more likely to be upregulated (4 of 4) in females long after subchronic immune challenge.
Specifically, the male-biased genes downregulated in males long after immune challenge represented biological pathways including long-term memory (Arc, Egr1, Npas4), p38MAPK cascade (Gadd45b/g, Per2), and positive regulation of cell death (e.g. Atf3, Dusp1, Ptgs2). Female-biased genes upregulated in males included those belonging to biological pathways transport of bile salts and organic acids, metal ions, and amine compounds (e.g. Slc6a12, Slc22a6, Sphk1), collagen chain trimerization (e.g. Bmp7, Col9a2), and prostaglandin biosynthesis (e.g. Cd74, Ptgds) (Table 8 ).
In the Long-term+Acute group, female-biased genes were more likely to be upregulated in males and downregulated in females. Interestingly, whereas female-biased genes were strongly differentially expressed in both sexes, male-biased genes were not differentially expressed in either sex. In males, 6 of 6 female-biased genes were upregulated. In females, 53 of 75 were downregulated, including MHC class II (e.g. H2-Aa, Cd74, Spp1), cellular hormone metabolism (e.g. Bmp6, Ttr), and extracellular matrix organization (e.g. Cdh1, Col8a1, Enpp2) (Table 9) .
Shared targets and pathways amongst experimental conditions:
We conducted meta-analyses for both males and females to examine similarities and differences between persistent, acute, and long-lasting transcriptional changes in the hippocampus. In males, 103/230 the DEGs (purple lines) in the Long-term condition were also differentially expressed in response to an acute LPS injection, demonstrating a persistent change in immune processes 3 months after subchronic immune challenge. In contrast, only one DEG was common to both Long-term condition and animals in the Long-term+Acute, demonstrating that the DEGs that are altered at baseline, and those that are differentially regulated in response to another immune challenge reflect different pathways or processes. In addition, 6/230 genes were dysregulated in both the Long-term+Acute and Acute conditions, demonstrating that the acute neuroimmune response in hippocampus is largely unchanged by prior subchronic immune challenge ( Figure 5A ).
In females, only 1/26 DEGs in the Long-term condition were also dysregulated after acute immune challenge. One gene is also commonly dysregulated between Long-Term and Long-term+Acute conditions suggesting that baseline changes in gene expression likely contribute to dysregulation of subsequent neuroimmune response. Consistent with this idea, more than 188 DEGs in the Long-term+Acute condition were shared with those in the Acute conditions, demonstrating an exaggerated -or dysregulated -acute immune response long after a previous subchronic immune challenge ( Figure 5C ). This analysis also compares biological pathways and processes between groups (blue lines).
In males, 15 of the top 20 biological pathways are shared between the Long-term and Acute conditions. Most of these shared pathways show similar degrees of enrichment in both conditions. The exception here is extracellular organization processes, which is more highly enriched in the Long-term vs Acute conditions, indicating more changes in extracellular organization processes in long-term conditions. Between Long-term and Long-term+Acute conditions, only 3 biological pathways are shared, again demonstrating that baseline changes in gene expression long after immune challenge regulate processes other than response to acute challenge. Similarly, only 3 biological processes substantially differ between Long-term+Acute and Acute groups, demonstrating the overwhelming similarity of the acute response, with or without prior subchronic immune challenge. ( Figure 5B ) In females, 6 biological pathways are shared between Long-term and Acute conditions. Interestingly, even in overlapping pathways, the Acute condition is much more enriched for immune-related processes including cytokine production, whereas Long-term condition results in enriched categories related to catecholaminergic signaling. Unlike males, females showed a strong overlap between Long-Term and Long-term+Acute conditions, with 9 overlapping pathways; and 15 shared pathways in Long-term+Acute and Acute conditions, demonstrating the strongly increased transcriptional response to an acute challenge after prior immune experience. ( Figure 5D ).
Comparing these males and females in these analyses demonstrates the diverging impact of prior immune challenge on different components of immune function. Whereas males show persistent alterations in baseline expression of immune-related genes also activated during acute immune challenge, females show a fewer DEGs and less overlap with acute immune regulation. In contrast, males show little impact of a prior immune challenge on the acute transcriptional response in the hippocampus, whereas females that have experienced a prior immune challenge show a grossly exaggerated response to an acute inflammation.
DISCUSSION
Here we demonstrated long-lasting consequences of subchronic immune challenge on gene expression in the hippocampus of males and females. In males, we observed enduring dysregulation of gene expression three months after the end of a two-week immune challenge. In contrast, females showed few persistent changes at baseline, but striking changes in gene expression in response to an additional acute LPS injection three months after the subchronic immune challenge. These findings suggest that sex-specific changes in transcriptional regulation may mediate sex-and gender-differences in vulnerability to cognitive decline (Lobo et al, 2018) and affective dysregulation (Bjerkeset et al, 2005) long after illness or injury. For example, in patients of heart attack, women were at increased risk of anxiety or depression (Bjerkeset et al, 2005) . Animal models have also shown persistent emotion and memory, and recent findings from our laboratory demonstrate sex differences in vulnerability to memory impairments long after subchronic immune challenge (Tchessalova and Tronson, 2019) . The findings described in this paper therefore set the foundation for future studies of how the specific genes, pathways, and processes dysregulated long after subchronic immune challenge contribute to cognitive and affective processes and to vulnerability to further insult in males and females.
Males and females differed in both the magnitude of gene expression changes, and in the specific genes and pathways differentially expressed in the hippocampus long after immune challenge. In males but not females, we observed clear changes in both immune-related pathways and in genes and clusters related to neural plasticity. Immune-related pathways and genes, including MAPK signaling (e.g., Spp1, Dusp1/6), response to interferon-gamma (e.g., Ifitm3, Ifit1, Oasl2), complement signaling (e.g., C2, Cfh, Col8a1, Col8a2), and MHC II signaling (e.g., H2-Eb1, Cd74) were significantly dysregulated in males. We also observed changes in expression of several pathways that are important for neuroplasticity. This includes extracellular matrix organization (e.g., Col4a1, Pcolce, Sulf1) and cell adhesion molecules (e.g., Cdh1/3) that are important for synaptic organization, as well as immediate early genes (e.g., Fos, Arc, Egr1, Nr4a1, Nr4a2, Junb, Atf3) that are involved in activity-dependent transcriptional changes necessary for synaptic plasticity (Hawk and Abel, 2011; Minatohara et al, 2016) . Several genes (Fos, NR4a1/2, Egr, Spp1, Dusp1/6) and pathways (MAPK signaling) are notably required for both immune-and neuroplasticity-related functions (Borja-Cacho and Matthews, 2008; Donzis and Tronson, 2014; Nisticò et al, 2017; Stephen et al, 2017) . Alterations in these and other immune-associated targets may therefore also contribute to long-lasting changes in neural function.
In females, the dominant changes were pathways and genes related to monoaminergic signaling and its regulation, including adenosine, dopamine, and adrenergic receptor (e.g., Adora2a, Drd2, Adr1b), and its downstream signaling (e.g., Ppp1r1b). Given the importance of dopaminergic and adrenergic signaling for memory modulation, motivational processes, and affective responses (Badgaiyan et al, 2010; Stone et al, 1999; Strange and Dolan, 2004; Wassum et al, 2011) . These findings demonstrate striking sex differences in the persistent changes in basal gene expression after a subchronic immune challenge. (Importantly, this suggests that differential vulnerability to cognitive decline, memory impairments, and affective disorders (Himanen et al, 2006; Hogue et al, 2003; Lavoie et al, 2017; Léveillé et al, 2017; Liossi et al, 2009; Niemeier et al, 2007; Rainville and Hodes, 2018; Suarez et al, 2015) after illness or injury may be mediated by sex differences in the changes in gene expression and transcriptional regulation that persist long after immune challenge.
Differences in persistent changes in gene expression are likely mediated, in part, by sex differences in the initial cascade of events during the acute immune response. We observed that females showed more changes in hippocampal gene expression after an acute LPS injection compared with males. These findings are consistent with previous findings of sex differences in the neuroimmune response, with differential activation of glial cells (Acaz-Fonseca et al, 2015; Santos-Galindo et al, 2011) , and differences in pattern and timing of cytokine production in the hippocampus (Acaz-Fonseca et al, 2015; Santos-Galindo et al, 2011; Speirs and Tronson, 2018; Tonelli et al, 2008) . Surprisingly, stronger regulation of gene expression during acute immune challenge in females did not correspond to more enduring dysregulation of baseline gene expression in females. Nevertheless, three months after subchronic immune challenge, females showed strikingly different transcriptional responses to an acute challenge compared with previously naïve mice. In contrast, males showed similar responsiveness to an acute challenge regardless of prior immune experience. Together, these findings demonstrate that a subchronic immune challenge results in a persistent shift in hippocampal gene expression in males, with few changes in response to a subsequent immune challenge. In contrast, females show little change in gene expression under baseline conditions months after a subchronic immune challenge, but an exaggerated transcriptional response to a subsequent immune challenge.
There were also changes in gene expression that showed notable similarities between the sexes across several conditions. One example is extracellular matrix-related genes, including collagens (e.g., Col4a1, Col8a1), matrix regulatory enzymes (e.g., Pcolce, Sulf1, Adamts1), and others such as Otx2, Spp1, and Cyr61. Extracellular matrix, and the more specialized perineuronal nets, are of particular interest for their regulation by immune stimuli and their permissive or limiting roles in neuronal plasticity (Beurdeley et al, 2013; Carulli et al, 2010) . As such, extracellular matrix proteins and perineuronal nets contribute to enduring changes in plasticity associated with memory and affective behaviors (Riga et al, 2017; Thompson et al, 2018) . Several of the extracellular matrix genes were differentially regulated months after subchronic immune challenge in males (e.g., Otx2, Cyr61) and in females both after a secondary insult and after an acute challenge (e.g. Otx2, Col9a3). Such similarities across conditions and sex suggests that extracellular matrix organization may be fundamental to mediating persistent effects of immune challenge and other environmental stimuli (Li et al, 2013) on neuronal plasticity and function.
Enduring changes in gene expression after immune challenge is consistent with many studies demonstrating that a variety of experiences cause long-lasting changes in the brain and in behavior. Stress or drugs, for example, induce persistent alterations at the behavioral, physiological, and transcriptional level that impact how an individual will respond to subsequent stressors or novel stimuli (Becker and Le Merrer, 2016; Gray et al, 2014; Greenwood et al, 2014; Krishnan et al, 2007; Mychasiuk et al, 2016; Nestler, 2014) . As such, it is not surprising that an environmental insult such as an immune challenge results in persistent transcriptional changes that may induce long-lasting alterations in neural function, cognition, and emotion. Our findings are also consistent with previous demonstrations that males and females show strikingly different patterns of gene expression in the brain after stress or drugs of abuse (Finn et al, 2018; Hodes et al, 2015; Randesi et al, 2018) and further demonstrate that the consequences of environmental insults including immune challenge have sex-specific implications for enduring changes in gene expression and function.
Changes in gene expression that persist long after an environmental event mediate adaptive responses to later experiences, and thereby alter vulnerability and resilience to future stressors. Here we observed sex-specific transcriptional changes to a subsequent immune challenge. Males showed similar patterns of gene expression after an acute LPS injection regardless of whether or not they had previously experienced a subchronic challenge. In contrast, females previously exposed to a subchronic immune challenge showed markedly different patterns of gene expression after an acute injection compared with previously naïve mice. Together with the sexspecific changes in baseline gene expression, where males but not females showed changes 12 weeks later, these findings suggest that males and females have different patterns of vulnerability and resilience to future stressors, immune challenge, and other environmental events (Tchessalova et al, 2018) .
Sex-specific patterns of differential gene expression are consistent with the differential patterns of memory deficits observed in males and females after immune challenge or illness. We have recently demonstrated that males but not females show deficits of fear memory, but that both sexes exhibit impairments of object recognition memory several months after subchronic immune challenge (Tchessalova and Tronson, 2019) . Sex-specific patterns of memory deficits are also observed in patients, where women are more vulnerable to disruption of visuospatial tasks months after surgery or injury (Hogue et al, 2003; Liossi et al, 2009 ) whereas men show more progressive memory decline over the following years (Himanen et al, 2006) . Determining the long-lasting changes in gene expression in males and in females is therefore important for identifying sex differences in the contribution of environmental insults to the vulnerability or resilience to cognitive decline, memory impairments, and affective disorders.
How baseline sex differences in hormonal levels (Koss and Frick, 2017; McEwen and Milner, 2017) , memory processes (Keiser et al, 2017; Keiser and Tronson, 2015) , emotion (Pitychoutis and Papadopoulou-Daifoti, 2010) , and gene expression (Vied et al, 2016) mediate differential vulnerability to immune-triggered memory decline remains unknown. Here, we examined the relationship between sex-biased gene expression at baseline and differential regulation of those genes after immune challenge in males and females. We observed that most of the genes that were higher in the hippocampus of males at baseline were downregulated in the male hippocampus and upregulated in the female hippocampus long after immune challenge. Similarly, we found that female-biased genes were downregulated in females and upregulated in males after immune challenge. This pattern suggests that baseline differences in hippocampal gene expression contribute to their regulation after immune challenge. The pattern of regulation may be important for predicting which genes and pathways may be differentially vulnerable between the sexes to changes as a consequence of illness or stress.
Our main finding, that immune challenge causes long-lasting changes in transcriptional regulation follows a wealth of data demonstrating that LPS induces both short-lasting tolerance and long-lasting priming of the immune response. Extensive previous work has demonstrated tolerance to consecutive doses of LPS (Norden et al, 2016; Seeley and Ghosh, 2017) . However, additional LPS injections several months later show no lingering tolerance (Wendeln et al., 2018) . In contrast, transient immune activation can result in life-long priming or exaggerated responses to subsequent immune challenge (Hoeijmakers et al, 2016) although whether this effect also occurs for immune activation during adulthood is less well-studied. Our findings suggest, at least for immune activation during adulthood, females may be more vulnerable to long-term priming effects compared with males, although this requires additional study. Importantly, although it is tempting to think about such changes of gene expression, as potentially detrimental to neural function, it is equally likely that these changes represent an adaptive or protective response (e.g., Spp1 (Yu et al, 2017) . Future work will assess the role of sex-specific persistent transcriptional changes in vulnerability and resilience to immunemediated cognitive and affective dysregulation across the lifespan.
The findings described here provide critical new insight into the long-lasting impact of immune-related signaling on gene expression in the brain. Understanding the acute and longlasting contributions of neuroimmune signaling to neuromodulation and plasticity is particularly important given the growing recognition that many environmental events, including stress (Frank et al, 2017; McKim et al, 2016; Serrats et al, 2017; Weber et al, 2015; Wohleb et al, 2015) and drugs of abuse (Crews et al, 2015; Hofford et al, 2018) , recruit neuroimmune signaling pathways. Here we demonstrated sex-specific patterns of gene expression months after a subchronic immune challenge, where males showed a persistent shift in baseline gene expression and females showed a markedly different response to subsequent stimulation. Enduring changes in genes and pathways that mediate plasticity-related processes, in addition to immune-related genes, suggests that transient inflammatory signaling in the brain has important implications for neural function. As such, identifying the sex-specific changes in transcriptional regulation will be of importance for predicting vulnerabilities to cognitive decline, memory impairments, and affective disorders, and in the future, identifying new, sex-specific biomarkers and therapeutic targets. Figure 1D . Figure 1E . Table 3 . Clusters of protein-protein interactions (PPI) differentially regulated after an acute LPS challenge in males previously exposed to a subchronic immune challenge, as shown in Figure 2D .
Table 1. Clusters of functional Protein-protein interactions (PPI) between targets in males 3 months after subchronic immune challenge, as shown interactions in
PPI
Table 2. Clusters of functional Protein-protein interactions (PPI) between targets in females 3 months after subchronic immune challenge, as shown interactions in
PPI
PPI Cluster
Gene ID Gene name
Log2
Fold Change
FDR Neurotransmission
Adora2a
adenosine A2a Peg10 paternally expressed 10 0.59 0.0038 Table 4 . Clusters of protein-protein interactions (PPI) differentially regulated after an acute LPS challenge in females previously exposed to a subchronic immune challenge, as shown in Figure 2E . 
PPI
Gap junction
Gjb1 gap junction protein, beta 1 0.87 0.0038
Gjb2 gap junction protein, beta 2 -0.67 0.0038
Gjc2 gap junction protein, gamma 2 0.78 0.0038
Stress hormone
Crhr2 corticotropin releasing hormone receptor 2 -1.28 0.0038
Pomc2 pro-opiomelanocortin-alpha 2.14 0.0038 Table 5 . Clusters of functional Protein-protein interactions (PPI) in males after an acute LPS injection, as shown in Figure 3D .
PPI Cluster
Gene ID Gene name Log2 Fold Change
FDR Neuroplasticity
Camk2d calcium/calmodulin-dependent protein kinase II, delta 0.83 0.0038
Gadd45b growth arrest and DNA-damage-inducible 45 beta -0.87 0.0038 Table 6 . Clusters of protein-protein interactions (PPI) between targets in females after an acute LPS injection, as shown in Figure 3E . Table 7 . Clusters of protein-protein interactions (PPI) between targets that show differential expression in male and female hippocampi, as shown in Figure 4D . Table 8 . Impact of subchronic immune challenge on expression of genes more strongly expressed in males ("male-biased") or females ("female-biased") at baseline. 
PPI
MALE-BIASED GENES
Response to virus
Coch Gbp4
Ifit1 Table 9 . Impact of subchronic + Acute immune challenge on expression of genes more strongly expressed in males ("male-biased") or females ("female-biased") at baseline.
MALE-BIASED GENES
MALES FEMALES Pathway
Genes Pathway Genes Upregulated n/a n/a Downregulated n/a n/a 
FEMALE-BIASED GENES
